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Abstract

The properties of strange (K, K̄ andK̄∗) and open-charm (D, D̄ andD∗) mesons in dense matter are studied using a unitary approach
in coupled channels for meson-baryon scattering. In the strangeness sector, the interaction with nucleons always comes through
vector-meson exchange, which is evaluated by chiral and hidden gauge Lagrangians. For the interaction of charmed mesons with
nucleons we extend the SU(3) Weinberg-Tomozawa Lagrangianto incorporate spin-flavor symmetry and implement a suitable
flavor symmetry breaking. The in-medium solution for the scattering amplitude accounts for Pauli blocking effects and meson
self-energies. On one hand, we obtain theK, K̄ andK̄∗ spectral functions in the nuclear medium and study their behaviour at finite
density, temperature and momentum. We also make an estimateof the transparency ratio of theγA→ K+K∗−A′ reaction, which we
propose as a tool to detect in-medium modifications of theK̄∗ meson. On the other hand, in the charm sector, several resonances
with negative parity are generated dynamically by thes-wave interaction between pseudoscalar and vector meson multiplets with
1/2+ and 3/2+ baryons. The properties of these states in matter are analyzed and their influence on the open-charm meson spectral
functions is studied. We finally discuss the possible formation of D-mesic nuclei at FAIR energies.

c© 2012 Published by Elsevier Ltd.
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1. Introduction

Strangeness and charm in hot and dense matter is a matter of extensive analysis in connection to heavy-ion colli-
sions from SIS [1] to FAIR [2] energies at GSI.

In the strange sector, the interaction of strange pseudoscalar mesons (K and K̄) with matter is a topic of high
interest. Whereas the interaction ofK̄N is repulsive at threshold, the phenomenology of antikaonicatoms [3] shows
that theK̄ feels an attractive potential at low densities. This attraction is a consequence of the modifieds-waveΛ(1405)
resonance in the medium due to Pauli blocking effects [4] together with the self-consistent consideration of the K̄ self-
energy [5] and the inclusion of self-energies of the mesons and baryons in the intermediate states [6]. Attraction of
the order of -50 MeV at normal nuclear matter density,ρ0 = 0.17 fm−3, is obtained in unitarizated theories in coupled
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channels based on chiral dynamics [6] and meson-exchange models [7, 8]. Moreover, the knowledge of higher-partial
waves beyonds-wave [9, 10, 11] becomes essential for relativistic heavy-ion experiments at beam energies below
2AGeV [1]. As for vector mesons in the nuclear medium, only the non-strange ones have been the main focus of
attention for years, while very little discussion has been made about the properties of the strange ones,K∗ and K̄∗.
Only recently theK̄∗N interaction in free space has been addressed in Ref. [12] using SU(6) spin-flavour symmetry,
and in Refs. [13, 14] within the hidden local gauge formalismfor the interaction of vector mesons with baryons of
the octet and the decuplet. Within the scheme of Ref. [13], medium effects have been implemented and analyzed very
recently [15] finding an spectacular enhancement of theK̄∗ width in the medium.

With regard to the charm sector, the nature of new charmed andstrange hadron resonances is an active topic of
research, with recent data coming from CLEO, Belle, BaBar and other experiments [16]. In the upcoming years,
the experimental program of the future FAIR facility at GSI [2] will also face new challenges where charm plays a
dominant role. Approaches based on coupled-channel dynamics have proven to be very successful in describing the
experimental data. In particular, unitarized coupled-channel methods have been applied in the meson-baryon sector
with charm content [17, 18, 19, 20, 21, 22, 23], partially motivated by the parallelism between theΛ(1405) and the
Λc(2595). Other existing coupled-channel approaches are based on the Jülich meson-exchange model [24, 25] or on
the hidden gauge formalism [26].

However, these models are not fully consistent with heavy-quark spin symmetry (HQSS) [27], which is a proper
QCD symmetry that appears when the quark masses, such as the charm mass, become larger than the typical con-
finement scale. Aiming at incorporating HQSS, an SU(6)× SU(2) spin-flavor symmetric model has been recently
developed [28, 29], similarly to the SU(6) approach in the light sector of Refs. [12, 30]. The model generates dy-
namically resonances with negative parity in all the isospin, spin, strange and charm sectors that one can form from
an s-wave interaction between pseudoscalar and vector meson multiplets with 1/2+ and 3/2+ baryons [31]. Recent
calculations on bottomed resonances using this HQSS model have also been performed [32].

In this paper we review the properties of the strange (K, K̄ and K̄∗) and open-charm (D, D̄ andD∗) mesons in
dense matter. We address different experimental scenarios that can be analyzed in present and future experiments so
as to test the properties of these mesons in matter, such as the transparency ratio of theγA→ K+K∗−A′ reaction and
the formation ofD-mesic nuclei.

2. K and K̄ mesons in a hot dense nuclear medium

The kaon and antikaon self-energies in symmetric nuclear matter at finite temperature are obtained from thes-
andp-waves in-medium kaon-nucleon interaction within a chiralunitary approach [11, 33]. Thes-wave amplitude of
the K̄N comes, at tree level, from the Weinberg-Tomozawa term of thechiral Lagrangian. Unitarization in coupled
channels is imposed on on-shell amplitudes (T) with a cutoff regularization. TheΛ(1405) resonance in theI = 0
channel is generated dynamically and a satisfactory description of low-energy scattering observables is achieved. The
KN effective interaction is also obtained from the Bethe-Salpeter equation using the same cutoff parameter.

The in-medium solution of thes-wave amplitude accounts for Pauli-blocking effects, mean-field binding on the
nucleons and hyperons via aσ −ωmodel, and the dressing of the pion and kaon propagators. Theself-energy is then
obtained in a self-consistent manner summing the transition amplitudeT for the different isospins over the nucleon
Fermi distribution at a given temperature,n(~q,T),

ΠK(K̄)N(q0, ~q,T) =
∫

d3p
(2π)3

n(~p,T) [ T(I=0)
K(K̄)N

(P0, ~P,T) + 3T(I=1)
K(K̄)N

(P0, ~P,T) ], (1)

whereP0 = q0 + EN(~p,T) and~P = ~q+ ~p are the total energy and momentum of the kaon-nucleon pair inthe nuclear
matter rest frame, and (q0, ~q ) and (EN, ~p ) stand for the energy and momentum of the kaon and nucleon, respectively,
also in this frame. In the case of thēK meson the model includes, in addition, ap-wave contribution to the self-energy
from hyperon-hole (Yh) excitations, whereY stands forΛ, Σ andΣ∗ components. For theK meson thep-wave self-
energy results fromYN−1 excitations in crossed kinematics. The self-energy determines, through the Dyson equation,
the in-medium kaon propagator and the corresponding kaon spectral function.

The evolution of theK̄ andK spectral functions with density and temperature is shown inFig. 1. TheK̄ spec-
tral function (left) shows a broad peak that results from a strong mixing between the quasi-particle peak and the
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Figure 1. K̄ (left) andK (right) spectral functions for different densities, temperatures and momenta.

Λ(1405)N−1 andY(= Λ,Σ,Σ∗)N−1 excitations. Thesep-waveYN−1 subthreshold excitations affect mainly the prop-
erties of theK̄ at finite momentum, enhancing the low-energy tail of the spectral function and providing a repulsive
contribution to theK̄ potential that partly compensates the attraction obtainedfrom the strongers-waveK̄N interac-
tion component. Temperature and density soften thep-wave contributions to the spectral function at the quasi-particle
energy. As for theK meson, the spectral function (right) shows a narrow quasi-particle peak which dilutes with tem-
perature and density as the phase space forKN states increases. With increasing density, the repulsive character of
thes-waveKN interaction also increases, thereby shifting the quasi-particle peak of theK spectral function to higher
energies.

There has been a lot of activity aiming at extracting the properties of kaons and antikaons in a dense and hot
environment from heavy-ion collisions. Some time ago, the antikaon production in nucleus-nucleus collisions at SIS
energies was studied using a BUU transport model with antikaons that were dressed with the Juelich meson-exchange
model [34]. Multiplicity ratios involving strange mesons coming from heavy-ion collisions data were also analyzed
[35]. More recently, a systematic study of the experimentalresults of KaoS collaboration was performed together
with a detailed comparison to transport model calculations[36]. Several conclusions on the production mechanisms
for strangeness were achieved. However, to which extent theproperties ofK̄ mesons are modified in matter is not
fully understood. There is still no convincing simultaneous description of all experimental data that involve antikaons
in matter. These conclusions can also be found in a recent report on strangeness production close to threshold in
proton-nucleus and heavy-ion collisions [37].

3. K̄∗ meson in matter

The K̄∗ self-energy in symmetric nuclear matter is obtained withinthe hidden gauge formalism [15]. There are
two sources for the modification of thēK∗ s-wave self-energy in nuclear matter: a) the contribution associated to
the decay modēKπ modified by nuclear medium effects on theK̄ andπ mesons, which accounts for thēK∗N →
K̄N, πY, K̄πN, ππY . . . processes, withY = Λ,Σ, and b) the contribution associated to the interaction of the K̄∗ with the
nucleons in the medium, which accounts for the direct quasi-elastic process̄K∗N→ K̄∗N, as well as other absorption
channels involving vector mesons,̄K∗N → ρY, ωY, φY, . . .. In fact, this last term comes from a unitarized coupled-
channel process, similar to thēKN case. Two resonances are generated dynamically,Λ(1783) andΣ(1830), which
can be identified with the experimentally observed statesJP = 1/2− Λ(1800) and theJP = 1/2− PDG stateΣ(1750),
respectively [13].
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Figure 2. Left:K̄∗ spectral function at~q = 0 MeV/c for different densities. Right: Transparency ratio forγA→ K+K∗−A′

The in-mediumK̄∗ self-energy results from the sum of both contributions,ΠK̄∗ = Π
(a)
K̄∗
+ Π

(b)
K̄∗

, whereΠ(b)
K̄∗

is
obtained, similarly to thēK meson in Eq. (1), by integrating thēK∗N transition amplitude over the nucleon Fermi sea.

The K̄∗ meson spectral function, which results from the imaginary part of the in-mediumK̄∗ propagator, is dis-
played in the left panel of Fig. 2 as a function of the meson energyq0, for zero momentum and different densities up to
1.5ρ0. The dashed line refers to the calculation in free space, where only theK̄π decay channel contributes, while the
other three lines correspond to the fully self-consistent calculations, which incorporate the processK̄∗ → K̄π in the
medium, as well as the quasielasticK̄∗N→ K̄∗N and otherK̄∗N → VBprocesses. The structures above the quasipar-
ticle peak correspond to the dynamically generatedΛ(1783)N−1 andΣ(1830)N−1 excitations. Density effects result in
a dilution and merging of those resonant-hole states, together with a general broadening of the spectral function due
to the increase of collisional and absorption processes. Although the real part of the optical potential is moderate, -50
MeV atρ0, the interferences with the resonant-hole modes push theK̄∗ quasiparticle peak to lower energies. However,
transitions to meson-baryon states with a pseudoscalar meson, which are included in thēK∗ self-energy but are not
incorporated explicitly in the unitarized̄K∗N amplitude, would make the peak less prominent and difficult to disen-
tangle from the other excitations. In any case, what is clearfrom the present approach, is that the spectral function
spread of theK̄∗ increases substantially in the medium, becoming at normal nuclear matter density five times bigger
than in free space.

3.1. Transparency ratio forγA→ K+K∗−A′

The nuclear transparency ratio can be studied in order to test experimentally theK̄∗ self-energy. The idea is to
compare the cross sections of the photoproduction reactionγA→ K+K∗−A′ in different nuclei, and trace them to the
in mediumK∗− width.

The normalized nuclear transparency ratio is defined as

TA =
T̃A

T̃12C

,with T̃A =
σγA→K+ K∗− A′

AσγN→K+ K∗− N
. (2)

It describes the loss of flux ofK∗− mesons in the nucleus and is related to the absorptive part ofthe K∗−-nucleus
optical potential and, thus, to theK∗− width in the nuclear medium. We evaluate the ratio between the nuclear cross
sections in heavy nuclei and a light one (12C), TA, so that other nuclear effects not related to the absorption of theK∗−

cancel.
In the right panel of Fig. 2 we show the results for different nuclei. The transparency ratio has been plotted for two

different energies in the center of mass reference system
√

s = 3 GeV and 3.5 GeV, which are equivalent to energies
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of the photon in the lab frame of 4.3 GeV and 6 GeV, respectively. We observe a very strong attenuation of theK̄∗

survival probability due to the decaȳK∗ → K̄π or absorption channels̄K∗N→ K̄N, πY, K̄πN, ππY, K̄∗N, ρY, ωY, φY, . . .
with increasing nuclear-mass numberA. This is due to the larger path that thēK∗ has to follow before it leaves the
nucleus, having then more chances to decay or get absorbed.

4. Open-charm mesons in nuclear matter with heavy-quark spin symmetry

The HQSS predicts that, in QCD, all types of spin interactions involving heavy quarks vanish for infinitely massive
quarks. Thus, HQSS connects vector and pseudoscalar mesonscontaining charmed quarks. Chiral symmetry fixes
the lowest order interaction between Goldstone bosons and other hadrons in a model independent way; this is the
Weinberg-Tomozawa (WT) interaction. Then, it is very appealing to have a predictive model for four flavors including
all basic hadrons (pseudoscalar and vector mesons, and 1/2+ and 3/2+ baryons) which reduces to the WT interaction
in the sector where Goldstone bosons are involved and which incorporates HQSS in the sector where charm quarks
participate. Indeed, this is a model assumption which is justified in view of the reasonable semiqualitative outcome of
the SU(6) extension in the three-flavor sector [38] and on a formal plausibleness on how the SU(4) WT interaction in
the charmed pseudoscalar meson-baryon sector comes out in the vector-meson exchange picture.

The model extension is given schematically by

LSU(8)
WT =

1
f 2

[[ M† ⊗ M]63a ⊗ [B† ⊗ B]63]1, (3)

which represents the interaction between baryons (in the 120 irrep of SU(6)× SU(2)) and mesons (in the 63) through
t-channel exchange in the 63. In thes-channel, the meson-baryon space reduces into four SU(6)× SU(2) irreps,
from which two multiplets120 and168 are the most attractive. As a consequence, dynamically-generated baryon
resonances are most likely to occur in those sectors, and therefore we will concentrate on states which belong to
these two representations. From this Lagrangian, we can extract the potential model for meson-baryon interaction
that respects HQSS [31] and solve the on-shell Bethe-Salpeter equation in coupled channels so as to calculate the
scattering amplitudes. The poles of the scattering amplitudes are the dynamically-generated baryon resonances.

Dynamically generated states in different charm and strange sectors are predicted within our model [28, 29, 31].
Some of them can be identified with known states from the PDG [39]. This identification is made by comparing the
PDG data on these states with the mass, width and, most important, the coupling to the meson-baryon channels of
our dynamically-generated poles. In theC = 1,S = 0, I = 0 sector, we obtain threeΛc and oneΛ∗c states. The
experimentalΛc(2595) resonance can be identified with the pole that we obtain around 2618.8 MeV as similarly done
in Ref. [28]. A second broadΛc resonance at 2617 MeV is, moreover, observed with a large coupling to the open
channelΣcπ, very close to theΛc(2595). This is the same two-pole pattern found in the charmlessI = 0,S = −1
sector for theΛ(1405)[40]. A third spin-1/2Λc resonance is seen around 2828 MeV and cannot be assigned to any
experimentally known resonance. With regard to spin-3/2 resonances, we find one located at (2666.6− i26.7 MeV)
that is assigned to the experimentalΛc(2625). ForC = 1,S = 0, I = 1 (Σc sector), threeΣc resonances are obtained
with masses 2571.5, 2622.7 and 2643.4 MeV and widths 0.8, 188.0 and 87.0 MeV, respectively. Moreover, two spin-
3/2Σc resonances are generated dynamically. The first one, a boundstate at 2568.4 MeV, is thought to be the charmed
counterpart of theΣ(1670). The second state at 2692.9− i33.5 MeV has not a direct experimental comparison.

The in-medium modifications of these resonant states will have important consequences on the properties of
open-charm mesons in matter. These modifications can be studied by analyzing the self-energy of open-charm in the
nuclear medium. The self-energy and, hence, spectral function for D andD∗ mesons are obtained self-consistently in a
simultaneous manner, as it follows from HQSS, by taking, as bare interaction, the extended WT interaction previously
described. We incorporate Pauli blocking effects and open charm meson self-energies in the intermediatepropagators
for the in-medium solution [41]. More specifically, theD andD∗ self-energies are obtained by summing the transition
amplitude over the Fermi sea of nucleons, as well as over the different spin (J = 1/2 for DN, andJ = 1/2, 3/2 for
D∗N) and isospin (I = 0, 1) channels.

4.1. D mesic nuclei
D and D̄-meson bound states in208Pb were predicted in Ref. [42] relying upon an attractiveD and D̄ -meson

potential in the nuclear medium. This potential was obtained within a quark-meson coupling (QMC) model [43]. The
5
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Figure 3. Left: TheD andD∗ spectral functions in dense nuclear matter at~q = 0 MeV/c. Right: TheD andD̄ optical potential at~q = 0 MeV/c for
different densities

experimental observation of those bound states, though, might be problematic since, even if there are bound states,
their widths could be very large compared to the separation of the levels. This is indeed the case for the potential
derived from a SU(4)t-vector meson exchange model forD-mesons [22].

We solve the Schrödinger equation in the local density approximation so as to analyze the formation of bound
states with charmed mesons in nucleus. We use the energy dependent optical potential

V(r,E) =
Π(q0 = m+ E, ~q = 0, ρ(r))

2m
, (4)

whereE = q0 − m is the D or D̄ energy excluding its mass, andΠ the meson self-energy. The optical potential
for different densities is displayed on the r.h.s of Fig. 3. ForD mesons we observe a strong energy dependence
of the potential close to theD meson mass due to the mixing of the quasiparticle peak with the Σc(2823)N−1 and
Σc(2868)N−1 states. As for thēD meson, the presence of a bound state at 2805 MeV [29], almost at D̄N threshold,
makes the potential also strongly energy dependent. This isin contrast to the SU(4) model (see Ref. [44]).

The D and D∗ spectral functions are displayed on the l.h.s. of Fig. 3. Those spectral functions show a rich
spectrum of resonance-hole states. On one hand, theD meson quasiparticle peak mixes strongly withΣc(2823)N−1

andΣc(2868)N−1 states. On the other hand, theΛc(2595)N−1 is clearly visible in the low-energy tail. With regard to
theD∗ meson, theD∗ spectral function incorporates theJ = 3/2 resonances, and the quasiparticle peak fully mixes
with theΣc(2902)N−1 andΛc(2941)N−1 states. For both mesons, theYcN−1 modes tend to smear out and the spectral
functions broaden with increasing phase space, as seen before in the SU(4) model [21]. Note that resonances with
higher masses than those described in Sec. 4 are also presentin the spectral functions. Those resonant states were
seen in the wider energy range explored in Ref. [28] and are not coming from the two most attractive representations,
120and168.

Then, the question is whetherD and/or D̄ will be bound in nuclei. We observe that theD0-nucleus states are weakly
bound (see Fig. 4), in contrast to previous results using theQMC model. Moreover, those states have significant widths
[44], in particular, for208Pb [42]. OnlyD0-nucleus bound states are possible since the Coulomb interaction prevents
the formation of observable bound states forD+ mesons.

With regard toD̄-mesic nuclei, not onlyD− but alsoD̄0 bind in nuclei (Fig. 5). The spectrum contains states of
atomic and of nuclear types for all nuclei forD− while, as expected, only nuclear states are present forD̄0 in nuclei.
Compared to the pure Coulomb levels, the atomic states are less bound. The nuclear ones are more bound and may
present a sizable width [45]. Moreover, nuclear states onlyexist for low angular momenta. It is also interesting to
note that a recent work suggests the possibility that, for the lightest nucleus,DNN develops a bound and narrow state
with S = 0, I = 1/2, as evaluated in Ref. [46].
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To gain some knowledge on the charmed meson-nucleus interaction, the information on bound states is very
valuable. This is of special interest for PANDA at FAIR. The experimental detection ofD andD̄-meson bound states
is, however, a difficult task. For example, it was observed in Ref. [44] that reactions with antiprotons on nuclei for
obtainingD0-nucleus states might have a very low production rate. Reactions but with proton beams seem more likely
to trap aD0 in nuclei [44].
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